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Studies of a number of design problems of high energy proton accelerators are often carried out using Monte Carlo simulations of 
hadronic and electromagnetic cascades. This paper reviews results obtained using three computer programs which are compatible with 
the design problems of multi-TeV accelerators. Comparisons of the results obtained using these codes are made with each other and, 
where possible, with existing experimental data. Rather good agreement is typically found. 

1. Introduction 

The first superconducting high energy proton accel- 
erator, the Fermilab Tevatron, is now successfully 
utilized for fixed target physics at a proton energy, E0, 
of 800 GeV. Worldwide there are at least three super- 
conducting proton accelerators being considered for the 
next generation; the Accelerating Storage Complex 
(UNK)  at Serpukhov, USSR (E  0 = 3 TeV), the Large 
Hadron Collider (LHC) at C E R N  ( E  0 = 10 TeV), and 
the Superconducting Super Collider (SSC) in the USA 
( E  0 = 20 TeV). 

The interactions of proton beams of such high en- 
ergy with matter result in a number of design problems 
including heating effects due to the intense energy 
deposition in matter (especially in the superconducting 
magnets), radioactivation of components, background 
in experiments, and environmental radiation which may 
escape the shielding of the accelerator. The most practi- 
cal method of doing the requisite three dimensional 
hadronic electromagnetic cascade calculations is the 
Monte Carlo technique. This method has been employed 
by the authors of the following computer programs; 
CASIM at Fermilab [1], MARS at IHEP Serpukhov 
[2,3] and F L U K A  at C E R N  [4]. In the present work 
selected results using these programs are compared with 
each other and with existing experimental data. This is 
done to ascertain the degree of confidence with which 
the shielding calculations pertinent to the multi-TeV 
accelerators can be made. 
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2. Features of the codes 

The three codes studied here simulate the interac- 
tions and transport of particles in three-dimensional 
geometrically complex systems and have many features 
in common. Detailed descriptions of the physical mod- 
els used and the codes themselves are given in the 
primary references [1-4]. Here only highlights of the 
specific features will be given. 

CASIM, when coupled to the program AEGIS [5], 
simultaneously traces electromagnetic showers induced 
by decays of neutral pions. The hadron production 
model of CASIM is a modified version of the Hage- 
do rn -Ranf t  thermodynamical model. It includes a high 
transverse momentum correction and some low energy 
nuclear effects. The maximum incident proton energy, 
originally restricted to E 0 < 1 TeV has been recen t ly  
increased to 50 TeV [6]. The threshold momentum of 
the hadrons followed is 300 MeV/c .  Normally, protons, 
neutrons, and charged pions are transported. This pro- 
gram uses an inclusive scheme for hadron nucleus in- 
teractions with energy and momentum conservation 
averaged over a number of collisions. Particles are traced 
using a step method with fixed step sizes. The particles 
are transported through an arbitrary geometry defined 
by the user in a F O R T R A N  subroutine. Inclusion of 
magnetic fields in detail is quite simple. 

Considerable modifications to CASIM have been 
made over the years in addition to the AEGIS  insertion. 
Quite satisfactory experimental verifications of this code 
for a variety of geometry types and sizes and for several 
different quantities of interest have been made for inci- 
dent proton energies up to 800 GeV [7-10]. 

The program MARS has also been improved over 
the past several years. The most recent version, 
MARS10, retains the older features along with the 
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following significant improvements. The description of 
the hadron inclusive spectra (using a selection scheme 
similar to that of CASIM) relies on the additive quark 
model of hadi 'on-nucleus interactions [11] for X v > 0 

and a phenomenological model [12] for X F < 0 (where 
X v is Feynman's  scaling variable). A set of s emi -em-  
pirical formulea [3] is used to simulate low energy 
particle production. Multiple Coulomb scattering is 
treated using Moli&e's theory with allowance for nuclear 
size effects [13]. An iteration-step method is used in 
constructing the three-dimensional trajectories for arbi- 
trary geometry in a manner amenable to inclusion of 
magnetic fields [14]. A modified version of AEGIS  [5] is 
used to handle electromagnetic showers. 

The maximum incident energy is extended to 30 
TeV, though the program has been used to yield crude 
estimates up to 10 4 TeV in D U M A N D  acoustical stud- 
ies [15]. Protons, neutrons, and charged pions exceeding 
a threshold energy of 10 MeV may be transported. 

At CERN,  the program FLUKA82  [4], developed 
from F L U K A  [16] is used. In contrast with the other 
two programs, FLUKA82  is a full analog simulation of 
the hadronic cascade. In this program the particle pro- 
duction model used at momenta below 5 G e V / c  de- 
scribes inelastic collisions as quasi-two-body processes 
producing resonances which subsequently decay. At 
higher momenta up to about 10 T e V / c  a multichain 
fragmentation representation is employed for particle 
production. The newest version provides exact quantum 
number, momentum, and energy conservation for the 
extra-nuclear cascade particles. New inelastic cross sec- 
tions for energies up to 10 TeV are also included. In 
general cases, Participants of cascades considered in the 
50 MeV to 10 TeV region are p, ~, n, fi, rr +, vr , K +, 
K , K °, ~0 ,  A,  and 7,. Detailed Monte Carlo treat- 
ment of the electromagnetic showers is presently not 
included in FLUKA82.  The combinatorial geometry 
package used in this code is a modification of that 
originally developed at O R N L  for the neutron and 
photon transport program MORSE [17]. 

3. Selection of examples of predictions 

In recent years many people have studied macro- 
scopic consequences of high energy proton beam inter- 
actions [2,6,18-21]. Below, a selection of results using 
these three programs for the 0.3 20 TeV energy region 
is given. Only hadronic-electromagnetic cascade effects 
will be presented here, neglecting the very important 
problem of muons at the new generation of accelerators 
considered elsewhere [6,18,22]. The quantities chosen 
for comparison are basic ones common to the output of 
all three codes; the star density S ( r )  and the energy 
deposition density E(v).  The former determines the 
scale of the biological shielding, the degree of induced 
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Fig. 1. Energy deposition density measured and calculated in 
copper and tungsten targets in the geometry of ref. [7]. The 
targets were a set of segmented cylinders 2.54 cm in diameter. 
The incident proton energy was 300 GeV. 

radioactivity, and (sometimes) experimental back- 
grounds. The latter determines the heating and conse- 
quent damage to targets, beam dumps, extraction septa, 
and (perhaps most critically) the superconducting mag- 
nets. These quantities are both related to the radiologi- 
cal parameter absorbed dose, D. The three programs 
are compared by applying them to cases of solid ab- 
sorbers which are easy to program or are already availa- 
ble in the literature. Reference of the name of each code 
refers to the most advanced version of it mentioned 
above. 

Fig. 1 shows a comparison of CASIM and MARS10 
results with experimental data [7] obtained from the 
observed temperature increase in segmented targets 
irradiated by 300 GeV protons. Agreement of both 
codes with experiment is excellent. In fig. 2 the radial 
distributions of energy deposition density in a copper 
target calculated by all three codes are given for a 400 
GeV proton beam incident in a Gaussian spot size 
having standard deviation o = 1.25 mm. The predictions 
again agree well with experiment [23] but the FLUKA82  
and CASIM curves slightly underestimate the measured 

values. 
Fig. 3 shows results of a comparison of calculations 

using CASIM, MARS10, and FLUKA82 [19] for 450 
GeV protons incident on a copper cylinder of length 
250 cm and radius 20 cm. A beam spot having o = 1 
mm was used. Agreement is sufficient for most purposes 
but FLUKA82 predicts smaller values for S ( r )  at the 
larger radii. The total number of stars produced in this 
cylinder as calculated by CASIM, MARS10, and 
FLUKA82  are, respectively, 510, 483, and 443 per inci- 
dent proton and thus are in reasonable agreement. 
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Fig. 2. Lateral distributions of energy deposition density at a 
depth of 45 cm in a copper target irradiated by 400 GeV 
protons. Also included are comparisons of the three predictions 
with experimental data from ref. [23]. 

Table  1 lists values of  a b s o r b e d  dose  measu red  along 
the ou te r  surface  of  an i ron block of  d imens ions  91 
c m  × 91 cm t ransverse  × 370 cm longi tudinal ,  s t ruck by 
800 G e V  p r o t o n s  as r epo r t ed  in ref. [10] a long with 
C A S I M  and  M A R S l 0  predic t ions .  In this case the 
ag reemen t  is a de qua t e  for mos t  purposes .  

F o r  the p r o t o n  energy  region unava i lab le  to exis t ing 
accelerators ,  Figs. 4 - 6  give the  ca lcula ted  star densi ty ,  
S( r ) ,  as a func t ion  o f  radius  in an i ron  d u m p  of  500 cm 
leng th  and 100 cm radius  for p r o t o n  energies  of  3, 10 
and  20 TeV,  respectively.  The  b e a m  spot  is taken to be 
a Gauss i an  wi th  o = 5 mm.  The  F L U K A 8 2  ca lcula t ions  
s h o w n  here  were  taken  f rom ref. [20]. Both  the radial  
d i s t r ibu t ions  of  s tar  dens i ty  at cascade  m a x i m a  and  the  
longi tud ina l ly  in tegra ted  values of  S ( r )  are p resen ted .  
T h e  results  are in good  ag reemen t  wi th  each other .  

Figs. 7 and  8 show the ca lcula ted  energy depos i t ion  
dens i ty  for this same  b e a m  d u m p  b o m b a r d e d  by 10 TeV 
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Fig. 3. Radial distributions of the longitudinally integrated star 
density in copper induced by 450 GeV protons as calculated by 
the three programs. Histograms denote the MARSI0 results 
while * is used for the FLULA82, and [] is used for the 
CASIM results. 

p ro tons .  Inc luded  are  examples  of  lateral and longi tudi-  
nal  d is t r ibut ions .  C A S I M  and  M A R S 1 0  results  are con-  
s is tent ,  with slightly d i f fe ren t  longi tudina l  d is t r ibut ions .  

An  i m p o r t a n t  quan t i ty  for m a n y  appl ica t ions  is the 
m a x i m u m  energy depos i t ion  densi ty.  Ca lcu la ted  values 
of  this quan t i ty  for cascades  ini t ia ted by 10 TeV pro-  
tons  inc ident  on  large graphi te  and  a l umi num blocks 
are given as a func t ion  of  the s t anda rd  devia t ion  of  
Gaus s i an  b e a m  spo t s  in fig. 9. F L U K A 8 2  results,  taken 
f rom ref. [20], unde re s t ima te  those  of  C A S I M  and  
M A R S 1 0  (which  essent ial ly  agree) by a factor  as large 
as three.  There  are two plaus ib le  reasons  for such a 
large discrepancy.'.  

1. As po i n t ed  out  in ref. [21], only  the radial bin 
0 _< r < 0 .50mh , c o r r e s p o n d s  to the real m a x i m u m  en-  

Table 1 
Absorbed dose (Gy/incident  proton × 10 13) a~ 

Longitudinal coordinate 35 60 195 205 
(cm) 

Experiment (ref. [10]) 5.1 4- 0.5 6.7 4- 0.5 3.5 _+ 0.4 3.5 + 0.4 
CASIM 3.8 _+ 0.5 6.1 + 0.6 3.5 _+ 0.4 2.8 + 0.3 
MARS10 5.3 _+ 0.8 7.1 + 1.1 2.7 + 0.5 2.0 _+ 0.5 

a) Experimental errors are based on reproducibility while calculational errors are one standard deviation statistics. 
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ergy depos i t ion  dens i ty  in these calculat ions.  In  the 
C A S I M  and  M A R S 1 0  runs  this b in  was specifical ly 
s tud ied  bu t  in ref. [20] the inner  b in  may  have been  
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larger, leading to an "ar t i f ic ia l"  underes t ima te .  

2. At  energies  E 0 > 0.5 TeV the  m a x i m u m  value of  

energy  depos i t i on  dens i ty  is d o m i n a t e d  by the electro-  
magne t i c  showers  i nduced  main ly  by decays  of  neut ra l  
po ins  [2]. The  semi-empir ica l  a lgor i thm used in F L U K A  
ins tead  of  a more  precise  t r ea tmen t  of  e l ec t romagne t i c  
showers  may  be less accurate  at these  high energies.  

As one  can  see f rom figs. l - 9  the results  agree very 
well for d i f fe rent  cond i t i ons  and  over  a wide energy  
range.  This  is gra t i fy ing  m view of  the ra ther  d i f fe rent  
h a d r o n  p r o d u c t i o n  and  t r anspor t  schemes  used. 

4. Moyer model parameter 

Fig. 10 shows the peak  a b s o r b e d  dose  ca lcula ted  
a long the sides of  the i ron b lock s tud ied  in ref. [10] as a 
func t ion  of  inc ident  p ro t on  energy.  Also shown  is the 
total  n u m b e r  of  s tars  per  p r o t o n  in the  same dump.  
Ca lcu la t ions  have also been  m a d e  using M A R S 1 0  over  
the  range in p r o t o n  energy f rom 70 G e V  to 20 TeV. The  
C A S I M  results  f rom ref. [10] are also shown  in this plot .  
T h e  value of  a b s o r b e d  dose  D p re sen ted  in fig. 10 is 
cor re la ted  wi th  the p a r a m e t e r  o f  the Moyer  shie lding 
m o d e l  which  con ta ins  the  energy  d e p e n d e n c e  for lateral  
sh ie ld ing in a f ixed geometry .  This  semiempir ica l  shield-  
ing mode l  has been  recent ly  desc r ibed  [24] and  revised 
[25]. In  these two references  it is shown  that  the dose  
equivalent ,  H,  ou ts ide  of  a given geomet ry  is given by, 
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Fig. 10. Peak absorbed dose and total stars produced as a 
function of incident proton energy in an iron beam dump 
9 1 × 9 1 x 3 7 0  cm (10). The calculations are denoted: • - 
MARSI0, O - CASIM, x - MARS10 (integral). Two differ- 
ent least squares fits to the MARS10 calculations are also 
included as the dashed and solid curves (please consult the 
text). 
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Since it is not  expected that  the energy spectrum of the 
neutrons  which domina te  the dose equivalent  in this 
s i tuat ion will change significantly with energy, one can 
replace dose equivalent H with absorbed dose D in the 
above relation. The results from fig. 10 for the peak 
absorbed dose can, then, be fitted by the following 
equation:  

D = aE~ ( G y / p r o t o n ,  E 0 in GeV) .  

Applying the results of the calculat ions to this formula 
we obtain:  
CASIM [10] 

a = 3 . 0 × 1 0  15~ 2 0 0 < E  0 < 8 0 0 G E V ;  
b = 0.84 f '  = = 

MARS10 

ba=44×10-15}0.81 ' 4 0 0 < E ° < 2 0 0 0 0 G e V ( g ° ° d f i t ) =  = 

ba = 078.74 × 10 -  15 } , 70 =< E 0 =< 20000 GeV (poorer  fit) 

(The poorer  fit obviously results f rom the larger domain  
in E 0 which was chosen.) 

It is also reasonable that  the n u m b e r  of stars per 
p ro ton  in the the iron dump as calculated with MARS10  
behaves in the same manner ,  

S = 4.38 E0 °81 , 70 _< E < 20 000 GeV. 

5. Computational features 

Using a CDC CYBER-875 as a reference computer  
we have found that  MARS10  to be somewhat  faster 
than CASIM. For example, to run 1000 cascades ini- 
t iated by 10 TeV protons  in the large iron beam dump  
described in sect. 3 with the energy deposi t ion calcu- 
lated using AEGIS,  CASIM required 360 s of CPU 
while MARS10 required 163 s. Both programs are thus 
viable options to use for thick shielding problems if one 
uses a large n u m b e r  of incident  protons.  CASIM requires 
approximately 90000 octal words of storage while 
MARS10 requires about  40000. However  the s tandard  
version of CASIM allows for five different materials  to 
be used while MARS10  only allows for three. In gen- 
eral, for the same number  of incident  protons  followed, 
CASIM results are typically smoother  than are those of 
MARS10 for the same spatial bins. 

In these considerations,  F L U K A 8 2  differs sharply 
from the other  two codes. It needs approximately  400000 
words of memory. As ment ioned  in ref. [19], to calculate 
86 cascades induced by 450 GeV protons  in the 25 cm 
long copper cylinder, F L U K A 8 2  required 600 s of CPU 
on the SIEMENS-7880 computer .  The successful solu- 
t ion of the thick shielding problem would be h indered  
by these considerations.  On the other  hand,  F L U K A 8 2  
with its exclusive scheme of particle product ion  allows 

for analog s imulat ion of hadron  cascades which is indis- 
pensable  in the s tudy of f luctuat ion problems,  in e.g. 
hadron  calorimeters. 

6. Conclusion 

All three programs considered here are compat ible  
with the calculations needed for the mult i-TeV accelera- 
tor  era. Each has its own features which have advantages 
for some types of calculat ions and disadvantages  for 
others. The predict ions of these three programs are in 
sufficient agreement  to allow one to do cascade calcula- 
t ions in this energy region up to 20 TeV with confi-  
dence. Nevertheless,  the subject of future work should 
emphasize the upda t ing  of the hadron  product ion  mod- 
els to reflect recent experimental  and theoretical devel- 
opments .  
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